Octopus-like carbon nanofibers with leg diameters as small as 9 nm are reported, with a high yield over large areas, using a unique photo-thermal chemical vapour deposition system. The branched nature of these nanostructures leads to geometries ideal for increasing the surface area of contacts for many electronic and electrochemical devices. The manufacture of these structures involves a combination of a polyacrylonitrile/polysiloxane film covering the surface of cupronickel catalysts, supported on silicon.
Introduction
The continued drive for miniaturisation of integrated circuits demands that the constituent electronic components follow a similar trend, for example, in providing lightweight contacts with larger surface areas. Conductive, carbon nanostructures have been promoted as a route to achieving such lightweight large surface area materials [1] . It is suggested that the octopus-like nanostructures are an ideal solution for fulfilling these requirements, owing to their low-density and large surface area. Octopi-carbon nanofibers, consisting of a central catalyst from which carbon nano-fibre legs radiate, have been described previously in the literature [2 -10] , but to date their production has been at high temperatures, incompatible with back-end-of-line semiconductor device processing. Octopi structures can offer an advantage over conventional carbon nanotube/nanofibre forests in that the multiple carbon "legs" are free of bundles and thus offer greater surface area to volume ratios and higher diffusion speeds for the 3 adsorption of larger molecules, which is useful for supercapacitor contacts. Stacking multiple layers of these nanostructures would produce even larger surface areas that are ideal for applications such as contacts for organic photovoltaics (OPV) and organic light emitting diodes (OLED).
One of the most studied routes for the production of specific "designer" nano-materials has been the use of nano-catalysts to nucleate designed carbon structures. Methods of growth involve varying the catalyst and gaseous carbon feedstock elements and quantities, where the catalysts and gases used often consist of multiple combinations of materials. The unusual aspect of this study is the role a polyacrylonitrile (PAN) and polysiloxane based polymer film plays on the surface of the catalysts during the growth of the octopi structures. The nucleation of the octopi structure is also found to be critically dependent on the copper content in the nickel catalyst. The role of catalysts in the formation of octopuslike nanostructures has been investigated using copper (in metal catalysts ranging between 3% and 80% Cu), but the exact growth mechanism and the role of the catalyst has still to be understood [2 -10] . This work also presents fundamental studies on the experimental conditions that give rise to octopistructures, as well as statistics on octopus leg numbers, diameters and lengths which enable the proposal of a simple growth mechanism based on two well-known processes occurring during the annealing of a copper and nickel catalyst system: the Kirkendall effect [11, 12] and Ostwald ripening [13] .
Typically, the growth of octopus nanofibers using conventional thermal CVD processes and methane gas, involves relatively high temperatures up to 950 °C [3 -11] . This limits the process to hightemperature resistant substrates. In the method used in this work, which is the photo-thermal CVD (PTCVD) method, energy is coupled directly into the catalyst while the substrate is water-cooled, allowing for the use of flexible plastic substrates, often required in large area plastic electronics [14, 15] .
Acetylene has been used as the carbon feedstock owing to its lower cracking temperature relative to methane, enabling PTCVD thermal processing at lower temperatures. shows the catalyst 30 seconds after the introduction of acetylene, when more faceted catalysts have formed and the film was observed to have risen from the wafer; d) shows catalyst islands 10 minutes after introducing acetylene where the film split into multi-directional slits from which octopus structures 5 could be observed as pea-pod like structures. The octopus legs were attached to the polymer film, so that the catalysts appear to be moving away from the film, suggesting tip growth at the surface of the film; e) shows the result when acetylene was not introduced where the film remained intact and the islands remained the same as they were 10 seconds into the growth.
Experimental
The samples were prepared on silicon substrates, typically of dimension 2 cm × 7 cm, that were cleaned and then coated with the bilayer catalyst. Two different bilayer configurations have been used.
In samples labelled "1", the metal coating had 2 nm of Ni sputtered on top of 8 nm of Cu (Figure 1 ), while samples labelled "2" had the two layers of sputtered metal deposited in the reverse order. The first type of sample is expected to catalyse only carbon nanotubes if the surface remains pure nickel [16] .
However, as the copper has a lower melting point than nickel it may diffuse into the top nickel layer producing a cupronickel alloy, which can lead to herringbone-like carbon nanofiber (CNF) growth [17] .
The second type of sample was produced to test the extent of mixing between copper and nickel on the surface of the catalyst. If the annealing time is too short and the thickness of the different metals relatively thick, the Cu and Ni will not mix, giving different nanostructures to the observed octopus nanofibers. The sputtering was carried out using a magnetron sputter system (MPS 500, JLS Designs Ltd). A copper tape (Agar Scientific, G3940) was used to cover one half of the metal coated samples so that the polymer surface of the tape (having a high concentration of PAN and polysiloxanes) adhered to the surface of the metal bi-layer. The growth of the octopi structures was carried out in a PTCVD chamber (Surrey NanoSystems 1000n [14, 15] ) at an average substrate surface temperature of 511 °C, and a bulk substrate temperature of 392 °C monitored by a thermocouple and a pyrometer, respectivley.
Hydrogen was introduced into the chamber at 100 sccm (standard cubic centimeters per minute) throughout heating for 10 minutes to reduce any metal oxides. When the correct temperature was reached, acetylene (C 2 H 2 ) was introduced at 6 sccm, maintaining a constant pressure of 2 Torr. The growth process for different specimens was stopped 10 seconds, 30 seconds and 10 minutes after 6 acetylene was introduced, in order to investigate the growth mechanism at different stages. An additional run carried out for 10 minutes in the absence of acetylene demonstrated that the polymer film alone was not the carbon feedstock, as no octopi were found. Octopus-like nanostructures completely covered the whole substrate that was under the copper tape, an area equal to several centimetres squared in size. The octopus growth only occurred on the samples 7 where the copper was deposited prior to the nickel. For the case where nickel was deposited prior to the copper, a single fibre grew from each catalyst. Trial samples prepared with only nickel, having the same total film thickness, did not show any octopus-like growth. The literature suggests that herringbone-like structures should be expected from a copper-nickel alloy catalyst [17] ; however, this structure is only seen in the areas not covered by the polymer. In order to identify the reasons for this, the growth mechanism of the fibers was investigated and the stages of growth are shown schematically in Figure 1, where the times indicate elapsed time after introducing the acetylene. During the 3 minute ramping to temperature time prior to the introduction of acetylene into the chamber, the metal bilayer was found to have formed catalyst islands below the polymer film, as was expected [18] . After 10 seconds, the catalyst appear as islands below the polymer layer (Figure 1b) . After 30 seconds growth, the catalysts evolved into faceted spheres (Figure 1c) , a process that did not occur in the absence of acetylene ( Figure   1e ). This indicates that acetylene has permeated through the 7 nm thick polymer film (measured using a scanning electron microscope, SEM) to reach the catalyst. After 10 minutes of growth, the octopi were observed in slits that have formed in the polymer film (~ 5 nm thick), or bursting out from beneath it (as shown in Figure 1d ). The slits were not observed in the absence of acetylene, indicating that the slit formation is a consequence of octopus leg growth (Figure 1e ). It was found that the polymer film graphitised ( Figure 2 ) and that the octopus legs were attached to the film and not to the silicon substrate, indicating a tip-growth mechanism, where the film, and not the silicon, acted as the substrate ( Figure   1d ). This growth mechanism would therefore be suitable for an in-situ transfer process for manufacturing a graphitised polymer film with attached carbon octopi nanostructures, which can be removed to make an all-carbon contact.
Results and Discussions
The different growth stages can be described in terms of the polymer film. The graphitised carbon film is a residue from the polymer that melted, decomposed and evaporated at temperatures above 200 °C, coating the catalyst tightly as shown in Figure 1b . During the graphitisation, the polymer film lost a fraction of its mass and shrank in the process. The shrinking of the film caused it to rise and flatten 8 between catalysts, as shown in Figure 1c . The gases forming as a consequence of the polymer film decomposition at 300 °C (mainly C 2 N 2 , NH 3 , HCN, C 4 H 5 N, CH 3 CN, C 3 H 3 N and H 2 O [19, 20] ) may have helped the film to rise. At the same time, the catalysts change from flat, wide islands to faceted spheres. The catalyst shape-change (and the CNF growth) occurred only in the presence of acetylene.
The shape change increased the height of the catalysts (while the volume was conserved), also contributing, no doubt, to raising the graphitised polymer film. Eventually, the combination of tension due to the shrinking of the film, the gas pressure due to the film decomposition, and the local irregularities caused by the growing octopi nanostructures, lead to splitting of the film, revealing the octopi in pea-pod-like structures (Figure 1d ). [21] . Energy dispersive X-ray analysis (EDX) confirmed the carbon composition of the legs and the film to which they were attached. In addition, EDX and electron energy loss spectroscopy (EELS) confirmed the prevalence of copper on the surface of the catalyst with copper and nickel percentages of 83% and 17% on the surface and 73% and 27% near the centre, respectively. This is expected, as copper is known to segregate at about 500 C [7] from the copper-nickel mixture arising from inter-diffusion and during the cooling of the catalyst. The segregation of copper when heated is as consequence of the Kirkendall effect [11] . The 9 increase in size of some catalysts at the expense of others is likely to be an Ostwald ripening process. In order to lower the energy of the system, the unstable copper and nickel atoms will migrate from the smaller particles to the larger particles. An approximately bimodal distribution was obtained for the octopus catalysts, where modes 1 and 2 have a mean catalyst diameter of ~ 122 nm and ~ 222 nm respectively, as shown in Figure 3a . The two distributions may be indicative of the effect of the Ostwald ripening process. The two peaks might result from the smaller catalysts becoming smaller and the larger catalysts increasing in size as a result of Ostwald ripening. The PAN and polysiloxane based polymer film increases the ripening time by slowing down the rate at which the acetylene diffuses to the catalyst islands.
The octopus leg diameter (Figure 3c ), leg length (Figure 3d ) and number of legs for a given catalyst size range (Figure 3a) were used to produce a plot of the leg volume as a function of catalyst volume. It was found that, on average, the total carbon leg volume catalysed increased approximately linearly with the increasing catalyst volume and is twice as large as the catalyst volume (Figure 3b) where the legs were modelled to be perfect cylinders. On the same plot, an interesting feature is the apparently linear increase in the scatter associated with the total leg volume as the catalyst volume increased. This means that the larger the catalyst, the larger the space that is available for the formation of larger diameter fibers, making it more likely to find a larger range of differently sized legs. The scatter should be minimised in order to obtain a better control over the increase in surface area desired. This can be achieved by considering only the catalysts in the < 200 nm regime. STEM images were also used to determine the dependence of the number of legs on the diameter of the catalyst (Figure 4 ). Focusing on diameters < 200 nm, it can be observed that at the catalyst diameter for which catalyst population 1 in Figure 3a is highest, which occurs at about 125 nm, the number of legs is at its maximum and the diameter of the legs is close to the minimum value. Figure 4 Catalyst and average leg diameters for 13 octopi determined using a STEM.
In conventional carbon nanotube/fibre growth, the number of fibers catalysed remains approximately the same up to a catalyst size of 300 nm, after which their number increases linearly with increasing catalyst diameter [22] . Also, the average diameter of conventional nanofibers increases linearly with increasing catalyst diameter between ~ 30 and 460 nm, with a gradient of approximately ~1.0 (no units) [23] . In the octopus system described here, the number of legs/catalyst diameter relationship is different as the number of legs increases relatively linearly with increasing catalyst diameter up to a catalyst diameter of ~ 100 nm, with a steeper gradient than previously reported [22] (Figure 4 ). This unexpected behaviour might suggest a near-conventional growth process for a catalyst ~ 25 -100 nm and a reversed trend at catalyst sizes between 100 nm and 250 nm. The more complex growth of larger catalysts could be attributed to nearing bulk sizes, and thus displaying more complex bulk behaviour.
The conventional growth process of carbon nanofibers indicates the surface diffusion of carbon and subsequent crystallisation into fibers, as well as preferential step-edge carbon feedstock dissociative adsorption and nucleation [24 -26] . There has also been evidence of bulk diffusion by considering the effects of nickel crystal orientations [27] . In the case of the octopus system, the nucleation process could occur on the surface at step edges and defects formed by the segregation of copper, which might explain why the octopi only grow in a copper nickel-alloy system. Surface diffusion can be determined by analysing the amount of catalysed carbon as a function of the catalyst size, so that for an increasing catalyst surface area, the catalysed carbon should increase linearly. The same can be method can be used for bulk diffusion and for this reason it is often possible to determine a surface or bulk diffusion process by plotting the number of legs against catalyst size. However, neither surface nor bulk diffusion was determined in this case due to the high scatter.
Summary
The radial growth of thinner, longer, more numerous legged octopi for higher surface areas can be controlled by the size of the catalysts on which they are grown. It is suggested that the branched structure of the octopus legs results from the difference in the melt temperatures of copper and nickel; the surface nickel can diffuse into the copper as a consequence of the Kirkendall effect, leaving areas of nickel around the catalyst able to catalyse the carbon. It was found that the diameter and length of the nanofibers depend on the catalyst diameter, which can be tuned by controlling the annealing time of the catalyst, which in turn controls the Ostwald ripening time. It was found that the larger the catalyst, the more likely it is to find a larger range of differently sized legs. Consequently, better control over the surface area can be obtained at small catalyst sizes < 200 nm. It was also found that at a critical catalyst size of 125 nm the surface area that can be obtained from the octopus geometry was ideal, having a large number of octopus legs. As the polymer film is graphitised during the production of the octopi nanostructures, and the fibers grow preferentially on the graphite, this process could be used for growing nanostructures directly onto graphite / graphene to produce an all-carbon contact with a high surface area.
